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A facile and green route to terpene derived
acrylate and methacrylate monomers and simple
free radical polymerisation to yield new renewable
polymers and coatings†
M. F. Sainz,a J. A. Souto,a,e D. Regentova,a M. K. G. Johansson,b S. T. Timhagen,b
D. J. Irvine,c P. Buijsen,d C. E. Koning,d R. A. Stockman*a and S. M. Howdle*a
We present new acrylic monomers derived directly from abundant naturally available terpenes via a facile,
green and catalytic approach. These monomers can be polymerised to create new polymers with a wide
range of mechanical properties that positions them ideally for application across the commodity and
specialty plastics landscape; from packaging, cosmetic and medical, through to composites and coatings.
We demonstrate their utility through formation of novel renewable polymer coatings.
Introduction
Most of the polymers we consume are derived from oil, but
society requires that more and more of our consumable items
are derived from natural sources and waste or are simply more
carbon neutral. To achieve this, the chemicals industry must
move away from the fossil fuel derived monomers that contrib-
ute to carbon footprint and add significantly to the energy
costs of polymerisation processes and products. Plastics pre-
sently account for a global annual usage of more than 7% of
all fossil fuels and this figure will undoubtedly grow, particu-
larly as emerging economies expand and begin to consume at
the same levels.1 However, renewable polymers are making
little headway with only a very small share (<5%) of the global
polymers market, largely because of their perceived high cost
and a perception of inferior performance compared with syn-
thetic polymers produced from petroleum sources.2 If there is
to be a significant shift to renewables then we must develop
new approaches that can be easily adopted and may simply be
“dropped-in” to existing processes. They must also provide
matching or improved properties and performance, and all this
must be achieved without any significant increase in costs. But
where will these new monomers and polymers come from?
One potential source of renewable monomers is the ter-
penes, the most common of which are derived from citrus (e.g.
D-limonene) and wood waste (e.g. the α- and β-pinenes) (Fig. 1)
and are already available on the multi-tonne scale; a scale that
is likely to grow dramatically as new industrial biotechnology
routes come on stream.3
There have been significant eﬀorts to create polymers
directly from terpenes4 because their structures contain alkene
moieties that appear to oﬀer the opportunity for facile poly-
merisation via free radical routes using readily accessible con-
ditions. However, extensive research has shown that the
terpenes do not easily homopolymerise, and even in the pres-
ence of a co-monomer (such as styrene or an acrylate) the level
of incorporation of e.g. β-pinene or D-limonene is minimal and
Fig. 1 The most commonly available terpenes and terpenoids (mildly
oxidised eg carvone and camphor) and the resin acid/rosin (abietic acid).
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the polymers produced thus far have only very low molecular
weights.5
A wide range of other methodologies have been applied to
polymerise terpenes and have been reviewed extensively.5–8
Amongst the few successes, (−)-β-pinene and (−)-α-phellan-
drene have been shown to polymerise via cationic routes9 and
can form a limited range of co-polymers, but very low tempera-
tures are required (−80 to −40 °C) which cannot be easily
reproduced on the commercial scale. Recently, Mecking cle-
verly utilised ruthenium catalysed ring opening metathesis to
polymerise two natural sesquiterpenes, caryophyllene and
humulene10 yielding polymers with low glass transition temp-
eratures (−15 to −50 °C). The method shows great promise,
but cannot be applied to the most readily available terpenes.
Others have taken diﬀerent approaches and have modified
terpene structures to create more reactive monomers. Hillmyer
used a Baeyer–Villiger oxidation to create lactone monomers
from menthone and carvone which could then be polymerised
via ring-opening using a Zn catalyst to yield new polymers and
copolymers with low Tg (ca. −27 °C).11 In a diﬀerent approach,
Coates used careful oxidation of D-limonene to create epoxides
that could polymerise with CO2 through a Zn catalyst
12 to form
poly(carbonates) with controlled molecular weight and a high
Tg (ca. 100 °C) and recently has further demonstrated for-
mation of stereocomplexed polymeric materials.13 Hillmyer14
has also shown that two pinene-derived monomers, α-methyl-
p-methylstyrene and myrcene, can be incorporated into ABA
tri-block copolymers. A significant step forward, but the pro-
cesses rely upon anionic polymerisation at −78 °C and require
scrupulously anaerobic and anhydrous conditions to make
useful materials.
Tang showed a route to prepare functionalised rosin based
monomers with an acrylate functionality added via esterifica-
tion to the naturally occurring carboxylic acid functionality
(e.g. abietic acid).7 Others have taken this route to create
materials for negative photoresists.15 Other related approaches
can be found in the patent literature,16–19 but all are limited to
those few structures that have an available –COOH or –OH
functionality for esterification; eliminating the potential to use
most of the terpene and terpenoid structures that are commer-
cially available (Fig. 1).
We have taken a diﬀerent approach. Focussing on the most
commercially available terpenes we have developed new routes
to prepare readily polymerisable monomers containing either
acrylate or methacrylate moieties (Scheme 1). These new
monomers undergo facile polymerisation using standard free
radical and controlled polymerisation strategies to yield new
polymers. In this paper, we describe facile and green synthetic
approaches to the new monomers and demonstrate a wide
range of new polymers and potential applications of these
completely new, renewably sourced materials.
Results and discussion
The four most commercially available terpenes ((+)-α-pinene,
(−)-β-pinene, (R)-(+)-limonene and (R)-(−)-carvone) were func-
tionalised by adding acrylate and methacrylate groups to their
chemical structure (Fig. 2). Our first approach was to modify
the terpenes to alcohols, and then esterify with the corres-
ponding acryloyl or methacryloyl chloride.
(+)-α-Pinene, (−)-β-pinene and (R)-(+)-limonene were trans-
formed into alcohol derivatives by use of a hydroboration/
oxidation protocol20,21 (see Fig. S1 in ESI;† 1a, 2a, 3a). In the
case of (R)-(−)-carvone), the corresponding alcohol (4a) was
formed by reduction of the ketone functionality with lithium
aluminium hydride.22 The alcohol derivatives are obtained
as single diasteromers in every case except for the limonene
derivative (3a), which is obtained as a 1 : 1 mixture of
diastereomers.23
This simple but robust chemistry has allowed us to syn-
thesise new terpene-based acrylic monomers in such a scale
(50 g) that they can be polymerised (vide infra). However, we
recognise that this synthetic route is not sustainable or green.
We therefore took steps to improve this by eliminating the use
of the toxic acryloyl and methacryloyl chloride and substitut-
ing with acrylic and methacrylic acid; both of which will
become commercially available from renewable sources. To
eﬀect this strategy we introduced propyl phosphonic anhydride
(T3P®)24 to promote ester coupling between terpene alcohols
and acrylic acid. This reagent gives an environmentally benign
Fig. 2 Terpene (meth)acrylate monomers. Yields shown are overall
yields in two steps (either hydroboration/oxidation or carbonyl
reduction), followed by esteriﬁcation of the resulting alcohol with
(meth)acryloyl chloride. Yields in parentheses are for overall yields from
terpenes, but using the T3P®/acrylic acid esteriﬁcation.
Scheme 1 Synthesis of acrylate 1b–4b and methacrylate 1c–4c mono-
mers. Hydroboration/oxidation of terpene unit or ketone reduction
yields alcohol 1a–4a which undergo esteriﬁcation to give monomers
1b–4b and 1c–4c.
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water-soluble triphosphate by-product; considerably more
sustainable than chloride in any waste stream.
The terpene-based acrylate and methacrylate monomers
synthesized through this 2-step methodology were found to be
easily polymerised using standard free radical techniques to
yield a range of polymers with very diﬀerent properties. The
molecular weight of the polymer was easily controlled using a
standard chain transfer agent e.g. dodecanemercaptan (DDM)
(Table 1). For example, polymerisation of the α-pinene deriva-
tives 1b and 1c in the presence of 0.5%, 1% and 5% of DDM
produced polymers with molecular weights ranging between
4800 and 23 600 g mol−1 These data clearly show the expected
dependence of the glass transition temperature (Tg) with mole-
cular weight, which is observed for all of the polymers.
There is a considerable diﬀerence between the α-pinene
based polyacrylates (1d) and polymethacrylates (1e) with Tgs in
the ranges 12–71 °C and 85–142 °C respectively (Table 1 and
Fig. 3). The presence of a methyl group in the chain backbone
of the methacrylates brings increased steric hindrance to
segmental rotation, therefore increasing chain stiﬀness and
raising the Tg significantly higher than the acrylate polymers.
The α-pinene polymethacrylate (1e) is particularly notable
because the Tg of 142 °C is very high for an acrylic polymer
and starts to approach the glass transition temperature of poly-
carbonates, which could open up new application opportu-
nities previously inaccessible to acrylic based polymers.
Surprisingly, the carvone-derived acrylate monomer (4b –
Table S3† – entry 1) showed a strikingly low conversion at
65 °C. Increasing the reaction temperature to 110 °C raised
conversion, but quickly resulted in an insoluble cross-linked
gel; in complete contrast to all the other examples that formed
readily soluble polymers. In order to synthesise a soluble
polymer, 5% DDM was added and the reaction was quenched
at 60% conversion just before the gel point. By contrast, the
carvone-derived methacrylate polymer (4e) was prepared in
high yield (at 65 °C using AIBN initiator) and surprisingly
showed no tendency to crosslink. (See ESI† for Experimental
detail).
Using FTIR microscopy of thin films of each monomer, we
followed these two polymerisations (Fig. 4). The data clearly
show that for the methacrylate, only one of the olefinic
moieties is consumed whilst for the carvone acrylate, bands
corresponding to both terminal double bonds are considerably
depleted demonstrating that the crosslinking arises from the
reactivity of the exocyclic olefin. This diﬀerence in reactivity
was likely attributable to initiator attacking to form the more
stable thermodynamically favoured tertiary radical at the
exocyclic olefin for the acrylate at 65 °C, leading to very low
observed yields. At higher temperatures, the acrylic double
bond was brought into play leading to cross-linked gels. The
FTIR data clearly show consumption of both olefinic moieties.
For the methacrylate, initiator attack at either site leads to
tertiary radicals, but the electron-withdrawing character made
the methacrylic moiety much more favoured and propagation
proceeded to linear polymer with no detectable branching or
Fig. 3 Very diﬀerent glass transition temperatures are observed for the
acrylates (left) and methacrylates (right) of α-pinene.
Table 1 Polymerisation of the α-pinene acrylate and methacrylate demonstrating the range of glass transition temperatures – full details in ESI
Entry Monomer Polymer structure [DDM] (% wt) Conversiona (%) Mn
b (g mol−1) Mw/Mn
b Tg (°C)
1 1b 1d 5 95 4800 1.34 12
2 1b 1d 1 97 15 100 2.04 63
3 1b 1d 0.5 99 23 600 2.20 71
4 1c 1e 5 99 7900 1.41 85
5 1c 1e 1 99 17 400 1.71 140
6 1c 1e 5 99 22 200 1.85 142
aDetermined by 1H NMR. bDetermined by GPC⋯SEC in THF using PMMA standards.
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crosslinking. The FTIR data clearly showed consumption of
only the methacrylic olefinic groups when polymerised at high
temperature (schematic diagrams and further information in
the ESI†).
Intriguingly, this leaves the carvone methacrylate polymer
with one potentially reactive double bond on each monomer
unit; ideal for potential use as a biobased polymeric coating.
Such coatings provide protection from corrosion for a wide
range of surfaces from metals to ceramics, wood and synthetic
materials. Acrylics in particular are valuable for architectural
coatings, are the leading finishes in the paint and coatings
industry because they are generally inert, and give excellent
colour retention. Acrylics are also one of the fastest-growing
new coatings accounting for about 25% of all applications,
and new coatings derived from renewable resources are likely
to play a significant future role.
The relatively high Tg (117 °C) of the carvone methacrylate
is ideal for powder coatings. We added a commercial cross-
linker trimethylolpropane tris(3-mercaptopropionate) (TMPMP
(Thiocure®)) along with other processing aids to create a
mixture which was then melt-mixed, extruded to a polymer
strand and ground to powder. The sieve fraction with particle
size below 90 μm was sprayed over aluminium Q-panels using
an electrostatic air gun. The plate with the deposited powder
was heated for 2 min at 120 °C in an oven to force flow and
film formation and subsequently irradiated in a UV curing
chamber (see ESI† for Experimental detail). The major advan-
tage of acrylic coatings is that they are valued for their high
transparency, gloss and excellent chemical resistance. The
coating we obtained was transparent and highly glossy (Fig. 5)
giving a moderate PCI smoothness value in the range 2–3.
Standard mechanical tests revealed properties that were
characteristic of acrylic coatings. The acetone-rub test showed
a fully cross-linked coating that was not easily removed. Indus-
try standard pencil hardness scratch testing yielded a highly
promising 2B and a König hardness of 185 s.
Challenging the surfaces with a Gitterschnitt (lattice cutter)
and initial impact tests gave adhesion results that were consist-
ent with other acrylic powder coating materials (Fig. 6).
(Table 2 and see ESI† for Experimental detail).
Finally, to improve upon the two step approach we have
developed a new catalytic one pot route to β-pinene based
acrylate and methacrylate monomers. We used the seminal
work of White on catalytic allylic oxidation25 as a starting
point to develop a catalytic method to incorporate acrylates at
allylic positions using C–H oxidation. Initial results using
White’s conditions of 10 mol% palladium acetate, 1 equivalent
of benzoquinone in DMSO and a temperature of 50 °C gave a
16% yield of two completely new monomers 5 and 6 in a 1 : 1
Fig. 4 FTIR monitoring of the progress of polymerisation of terpene
polymer thin ﬁlms at 110 °C (full details in ESI†). (A) Carvone acrylate
(4b) clearly shows consumption of two of the three oleﬁnic moieties
present (a, b) demonstrating the formation of a cross-linked material. (B)
By contrast, under identical conditions, it is clear that only one of the
oleﬁns (a’) is consumed in the case of the methacrylate (4c) hence
leading to a linear polymer with a pendant oleﬁnic moiety. Overlaying of
the IR peaks clearly shows depletion of the a’ labelled peaks.
Fig. 5 Following thermal and UV curing a glossy, high quality biobased
coating is produced. Overlaid is the chemical structure of the cross-
linked carvone methacrylate.
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ratio (Scheme 2). Optimisation of catalyst loading, benzo-
quinone, temperature and atmosphere allowed us to achieve a
yield of 82% (10 : 1 ratio of 5 and 6) using just 2 mol%
palladium acetate and 2 equivalents of benzoquinone in air at
50 °C. Note that the benzoquinone plays three important roles
in this process acting as oxidant and ligand for Pd as well as
polymerisation inhibitor for the monomer produced. A signifi-
cant attraction for further scaling is our use of methacrylic
acid as both solvent and reactant (2 equivalents).
Interestingly, Meier26 also reported palladium-catalysed
coupling of acetic acid and limonene, but in their case DMSO
was used as solvent with an iron co-catalyst, and gave mixtures
of the diastereomeric and regioisomeric products attributed
to the two olefinic moieties in limonene. Additionally, Ferret27
showed coupling of a range of (generally simple) olefinic
organic structures with acrylic acid and methacrylic acid. Of
these, a limonene coupling showed three regioisomers in an
almost 1 : 1 : 1 ratio in poor yield (40%). Whilst the conditions
for coupling are similar to the example we give with pinene
(palladium catalyst and benzoquinone – but in their case also
manganese dioxide as terminal oxidant), our method gives
more than double the yield, and provides a 10 : 1 ratio of just
two regioisomers. We believe that our catalytic system is sig-
nificantly more flexible and hints at a more environmentally
acceptable route to creating new monomers, whilst comple-
menting the prior work on limonene.
When the mixture of the two new methacrylate monomers
(5 and 6) was heated at 65 °C in presence of AIBN full con-
version led to an insoluble polymer, confirming ease of poly-
merisation and demonstrating that the retained exocyclic
olefinic moiety does, as expected, lead to crosslinking (see
ESI† for Experimental detail).
Conclusions
In conclusion, we present a new approach to create novel poly-
mers from readily available terpenes. Our approach requires
simple, clean chemistry to create new acrylate and methacryl-
ate monomers and we have further demonstrated a facile one-
pot catalytic approach that could be utilised on the large scale.
Using completely standard methodologies, the monomers can
be polymerised into useful materials with a wide range of
physical properties. As an example we demonstrate preparation
of a promising renewable acrylic powder coating using indus-
try standard procedures. We will now use our full palette of
available terpene monomers to optimise hardness, adhesion
and impact resistance.
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Fig. 6 The Gitterschnitt (lattice cutter) is an industry standard method
for assessing adhesion. These data show that there is some delamina-
tion, but this is typical for acrylic coatings.
Table 2 Standard testing of the carvone methacrylate powder coating
Test Result
Avg film thickness 64 μm
PCI powder smoothing rating (1–10) 2–3
Adhesion to metal (ASTM D3359) 0
Pencil hardness (ASTM D3363) 2B
Falling dart impact (ASTM D2794) —
Konig hardness (ASTM D4366) 185 s
Cupping test (ISO 1502) 1.5 mm
Acetone resistance (ASTM D4752) +
Scheme 2 Catalytic C–H oxidation/coupling of β-pinene with
methacrylic acid leads to a clean one-step process for producing new
terpene methacrylate monomers.
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